Abstract-Nb 3 Sn is, at present, the best superconductor for high field accelerator magnets. Several models using Nb 3 Sn are under development in many laboratories. Knowledge of the thermo-mechanical properties of the impregnated coils is of crucial importance for the design of these magnets. In fact, the performance of epoxy-impregnated coils is sensitive to the thermal conductivity value, especially in case of heating caused by hysteretic losses, which are usually relevant in Nb 3 Sn magnets, and in the case of continuous heat deposition, such as in magnets near the interaction region of a collider. Thermal contraction measurements are necessary to estimate the stresses during the magnet thermal cycle. Different insulation materials have been studied at Fermilab utilizing various design approaches and fabrication methods. Thermal conductivity and thermal contraction measurements, at cryogenic temperatures, have been performed respectively at INFN-LASA and Fermilab. The results are reported and discussed in this paper.
I. INTRODUCTION
ANY high field accelerator magnets under development all over the world use Nb 3 Sn superconductor and epoxy-impregnated coils. Fermilab is involved in the development of a cosine-theta dipole [1] , of a single-layer common coil [2] , and in the design of a low-beta quadrupole [3] , using epoxy-impregnated Nb 3 Sn coils. Also a common coil dipole model under development at LBNL [4] , a block type dipole model at Texas A&M University [5] , a large aperture dipole model at Twente University [6] , and a LHC arc quadrupole-type model at CEA/Saclay [7] have this kind of coils. The knowledge of the thermo-mechanical properties of the impregnated coils is of crucial importance for the design of these and similar magnets. In fact, the performance of epoxy-impregnated coils is sensitive to the value of the thermal conductivity. This is particularly true in the case of heating caused by hysteretic losses, which are usually relevant in Nb 3 Sn magnets because of their large effective filament diameter, and in the case of continuous heat deposition, such as in magnets near the interaction regions of a collider. Although the thermal properties of the individual materials forming the coils are well known, the resulting overall properties cannot be predicted with good accuracy.
Knowledge of the thermal contraction coefficients is necessary to estimate the stress redistributions occurring during magnet cool down and other thermal excursions.
Different insulations are under study at Fermilab for Nb 3 Sn coils. A ceramic-fiber tape with ceramic binder insulation [8] is a key element of the FNAL cos-theta dipole. E-glass, Kapton® and pre-impregnated fiberglass tapes [9] have been studied during the R&D for FNAL single-layer common coil. The thermal expansion coefficient of ten-stack samples, with these insulations, was measured at Fermilab, and the thermal conductivity at cryogenic temperature of similar samples was measured at the INFN Laboratory for Applied Superconductivity and Accelerator (LASA) in Milan (Italy).
II. DESCRIPTION OF THE SAMPLES
The samples are stacks of reacted Rutherford cables, insulated, and vacuum impregnated with epoxy resin (CTD-101K) under a pressure of 15 MPa. The sample characteristics are listed in Table I . 
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The first sample is a 13 cables-stack, 86 mm long. All the other samples are ten-stacks, 25.4 mm long. The first three samples are stacks of cables with the same design (41 strands of 0.7 mm diameter). Similar cables were used for the construction of two racetrack magnets at Fermilab [10] . In the first sample, a fiberglass tape is wrapped around each cable with 30 % overlap. In the second sample, the turn-to-turn insulation consists of a layer of Kapton® tape (76 P-thick), and a layer of pre-impregnated fiberglass tape (pre-preg). The final average thickness of the insulating layer, after impregnation, is 0.23 mm. The third sample is a stack of the same cable as in sample # 2, but it is epoxy-impregnated without any insulating material. The measure of its thermal conductivity, therefore, allows one to determine the contribution to the overall coil thermal conductivity of the insulating layer, and of the impregnated cable. The last two samples in Table I are ten-stacks of a cable with 28 strands, 1 mm in diameter, as the cable used in the Fermilab cos-theta dipole magnets. This cable has a higher compaction and higher copper content than the cable of samples # 2 and # 3. Samples # 4 and # 5, are prepared following the same procedure used for the production of the coils of the cos-theta dipole models. Each cable is wrapped with ceramic fibers tape, with 40 % overlap, then is wetted with a ceramic binder (CTD-1002x), and cured at 80 °C for 20 minutes. The samples are then heat treated to form the Nb 3 Sn composite. Analysis at the SEM show that, after the heat treatment, the cable strands are coated with a thin layer of a material with a high content of oxygen and silica [11] . The effect of this coating on the contact resistance between the strands is under investigation at Fermilab.
III. CONDUCTIVITY MEASUREMENTS

A. Measurement Set-Up
The experimental setup, described in detail in [12] is briefly presented here. The basic method of the measurement is a steady-state method: the sample is placed between two heat sinks, providing a constant heat flux, in one (axial) dimension, when thermal equilibrium is reached. The cold sink is in direct contact with the cryogen, and the warm sink is heated with an electrical heater. The measures of the current and of the voltage across the resistor provide a precise value of the input power. The heat flux is then given by the power divided by the area of the cross section of the sample.
The temperature is measured at several points along the sample and on the two sinks, through Au-Fe (0.07 % at w.) -Chromel P thermo-couples. The system is enclosed in a vacuum chamber in which the pressure is maintained at about 10 -6 mbar, to avoid convective losses. The vacuum chamber is made of stainless steel, and is gold plated to reduce radiative losses. The main parts of the apparatus are shown in Fig. 1 .
B. Measurement Analysis
The Fourier-Biot law determines the thermal conductivity:
where P Q − = is the heat flowing in the sample (equal to the input power P, but in opposite direction with respect to the temperature differential dT/dl); k is the thermal conductivity (which is temperature dependent); and S is the cross-sectional area of the sample. Considering S a constant, and approximating k to a linear function of temperature, we calculate the thermal conductivity at an average temperature
The approximation of k(T) as a linear function is a good approximation for metals at low temperature, or if the conductivity dependence from temperature is a slowly varying function. The conductivity of the insulating materials instead, has typically a steep increase at low temperature. In the case of our composite samples, at temperature close to liquid Helium temperature, the error due to this approximation, when the considered temperature differences are of few Kelvin, can induce an overestimation less than a few percent.
Another source of error is the power loss, due to heat dissipated by convection through the supporting system, convective losses through residual gas, and radiation from the warm sample and from the heater to the vacuum vessel at bath temperature. The setup is designed and tested to have very low power losses, estimated to be about 3 % of the input power, in most of the temperature range of operation with liquid Helium. A maximum dissipation of 10 % is possible using liquid nitrogen, due to larger temperature differences. Fig. 2 and 3 show the results of the conductivity measurements performed using liquid Helium and liquid Nitrogen as cryogens, respectively. The measured data from sample #1 (E-glass insulation) can be interpolated using a quadratic function, while all the other data of Fig. 2 can be interpolated using linear functions. The conductivity values of sample #1 and #2 are close, at temperatures below 12 K. The extrapolated value at 4.2 K is 0.1 W/(K⋅m). Sample #3 (epoxy impregnated without insulation) has a higher thermal conductivity, than the insulated samples, with an extrapolated value at 4.2 K of 0.16 W/(K⋅m). Samples #4 and #5 (ceramic insulation) have a very low thermal conductivity of 0.03 W/(K⋅m), at 6 and 8 K respectively. Extrapolation to lower temperatures might result in an underestimation of the real conductivity, since the linear interpolating functions have a small, but negative value at zero Kelvin. The thermal conductivity of the Kapton plus pre-preg insulation was calculated subtracting the contribution of the impregnated cable (sample #3), from the thermal resistance of sample #2. In Fig. 4 , the continuous line indicates the resulting thermal conductivity, compared with the thermal conductivity of other insulating materials: G10 [13] , Kapton, and pre-preg [14] , [15] . The thermal conductivity resulting IURP P .DSWRQ SOXV PP SUH-preg agrees within 10 % with the conductivity of sample #2 insulation.
C. Conductivity Measurements Results
In a first approximation, the conductivity of the cable stacks can be calculated using a simple model, where the composite is approximated by a series of thermal resistances. The fractions of the components are weighted over the cable cross section. Fig. 5 shows the results of the calculations for sample #1, using pre-preg ( [14] , [15] ) as turn-to-turn insulation. The two lines of Fig. 5 represent the calculated conductivity, including and not including the epoxy fraction (continuous and dashed lines respectively). A more detailed analysis should also consider the thermal contact resistance between the two layers of strands of the Rutherford cable, and the effect of the transposition pitch. The contact thermal resistance is very difficult to evaluate, since it depends on the contact surface area and on other insulating materials that can cover the strands, such as oxides and epoxy. In addition, samples #1-3 are fabricated following the procedure of the racetrack magnet, which includes synthetic oil, in order to prevent sintering of the two layers of strands during reaction. Sample #4 and 5 might have a ceramic coating. The difference in the conductivity between the samples can be explained by a difference in the thickness of the coating or in the pressure during preparation. 
IV. THERMAL CONTRACTION MEASUREMENTS
Measurements of the integrated thermal contraction from 293 K to 77 K were performed using calibrated strain gauges. The technique, described in details in [16] , was used before at Fermilab for the measurements of samples # 4 and 5 [17] .
$ WHPSHUDWXUH FKDQJH T LQGXFH D UHVLVWDQFH FKDQJH R, due to 1) a change in the resistivity of the grid material, that proportional to the thermal coefficient G ; 2) a difference in the thermal contraction coefficients between the sample and the grid, S and G respectively. The relative resistance change of the gage on a sample is given by the sum of these two effects:
where F G is the gage factor, a proportionality factor between the apparent strain , and the relative resistance change. If the same type of gage is installed on a standard reference material with a known thermal coefficient
Subtracting the above two equations and rearranging, we get
Knowing R , S and R for a particular change in temperature, we can compute S , the integrated thermal contraction coefficient of the sample.
The thermal contraction was measured in two directions: vertical direction, which corresponds to the azimuthal direction in a cos-theta dipole magnet, and the horizontal direction corresponding to the radial direction in the magnet. Two different types of gauges (Gauge -1 and Gauge -2 in Table II ) of the WK Series from Micro Measurements Group were installed in each direction, to check for repeatability and for gauge-type errors. Measurement results are reported in Table II. The first sample of the Table II is sample #2 of  Table I . Two other ten-stacks were made using the same cable, but with different insulation. Data of samples #4 and 5, reported in [17] , are listed here for comparison. The readings of the two gauges are consistent. To confirm the technique adopted, one of the types of gauges used on the ten-stacks was used on a copper and a stainless steel sample, and the measured data were compared with published values. The measured integrated thermal coefficient (from 293 K to 77 K) of 304 SS and copper samples, are 2.85 and 3.07 mm/m respectively, very close to the published values of 2.81 and 3.07 mm/m.
In the radial direction, as expected, the integrated thermal contraction coefficient does not depend on the insulation pattern. However, this value is higher than the previously measured value for the 28 strands, 1.0 mm diameter cos-theta cable ( S = 2.29 mm/m). In azimuthal direction, the integrated thermal contraction coefficient depends on the insulation pattern, varying from 3.2 to 4.5 mm/m. Measurements performed on similar cable stacks, insulated with quartz fibers, are within this range ( = 3.9 mm/m) [18] .
